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Inhibitory Transmission Mediated
by Asynchronous Transmitter Release
In this study, we have examined the relative contribu-
tions of synchronous and asynchronous release to inhib-
itory transmission as a function of activity level in the
Tao Lu and Laurence O. Trussell*
Oregon Hearing Research Center
and Vollum Institute
Oregon Health Sciences University avian nucleus magnocellularis (nMag). NMag neurons
receive GABAergic innervation from neurons in the su-Portland, Oregon 97201
perior olive and, to a lesser extent, from neurons scat-
tered at the periphery of the cochlear nucleus (Lachica
et al., 1994; Hyson et al., 1995; Yang et al., 1999). Trans-
Summary mitter released from these somatic boutons activates
GABAA receptors (Lu et al., 1997, Soc. Neurosci., ab-
At fast CNS synapses, the role of asynchronous re- stract; Yang et al., 1999), producing a mildly depolarizing
lease following initial synchronous release is poorly inhibitory postsynaptic potential (IPSP). NMag neurons
understood. We examined the contribution of asyn- also receive glutamatergic inputs from auditory nerve
chronous release to GABAergic transmission in the fibers, which mediate the rapid, submillisecond signal-
cochlear nucleus across a 40-fold range of electrical ing needed for transmission of timing information con-
stimulus frequencies. Whereas quantal release was tained in acoustic stimuli (Zhang and Trussell, 1994).
highly synchronized at low frequencies, it was largely The exact role of inhibition in modifying such excitation
continous and desynchronized at high frequencies. is not resolved, but several studies suggest that it may
Despite the change in release mode, intense and enhance the ability of nMag and neighboring auditory
steady inhibitory transmission was virtually main- nuclei to preserve the timing of excitatory inputs, in
tained. Experimental analyses and modeling studies part by shortening the membrane time constant and
indicated that this ªdesynchronizationº process was reducing temporal summation (Fujita and Konishi, 1991;
dependent on presynaptic Ca21 accumulation, facilita- Rothman et al., 1993; Funabiki et al., 1998). We examined
tion of vesicle release, and short-term depletion of the response of nMag neurons during activation of
available vesicles. Asynchronous release at high fre- GABAergic inputs over a wide physiological range of
quencies may help generate a smooth inhibitory frequencies. At high stimulus rates, IPSCs did not simply
ªtoneº by minimizing the consequences of random summate, but rather the profile of release changed, such
timing of presynaptic action potentials. that synaptic currents appeared to coalesce into a pla-
teau current. Remarkably, this large, stable plateau was
sustained primarily by asynchronous release of vesicles,Introduction
indicating a major role for asynchronous release in medi-
ating high-frequency synaptic transmission.Upon arrival of an action potential at a presynaptic nerve
terminal, transmitter-filled vesicles fuse with the synap-
Resultstic plasma membrane after a delay of only tens to hun-
dreds of microseconds (Katz and Miledi, 1965; Barrett
Synchronized and Desynchronized GABA Releaseand Stevens, 1972b; Borst and Sakmann, 1996; Sabatini
Stimulation of synaptic inputs at ,1 Hz in the presenceand Regehr, 1996). The rapid time course of release
of antagonists of glutamate receptors evoked inwardreflects rapid Ca21 channel gating, Ca21 diffusion and
going IPSCs in Cl2-loaded neurons (Figure 1A). The IPSCbuffering, and the hair-trigger nature of the vesicle fusion
was initiated with a latency of ,1 ms and was blocked bycomplex, ensuring that chemical transmission can drive
antagonists of GABAA receptors SR-95531 or bicucullinefast signaling in complex neural circuits (Sabatini and
(10±20 mM; data not shown). Based on increments inRegehr, 1999). However, some vesicles may fuse long
response amplitude with stimulus voltage, we estimateafter the spike arrives, producing ªdelayedº or ªasyn-
that three to five fibers innervate each cell. Miniaturechronousº release (del Castillo and Katz, 1954; Hubbard,
IPSCs (mIPSCs; Figure 1B) were recorded in the pres-1963; Barrett and Stevens, 1972b; Rahamimoff and
ence of 1 mM tetrodotoxin (TTX). Figures 1A and 1CYaari, 1973; Goda and Stevens, 1994; Atluri and Regehr,
show that the 10%±90% rise times of IPSCs and mIPSCs1998). Asynchronous release has been a valuable tool
were both 300±400 ms and were statistically indistin-with which to characterize the microphysiological and
guishable. Similarly, their decay times were also identi-molecular events underlying the release process (Gep-
cal (Figures 1A and 1C), with time constants of about 30pert et al., 1994; Abdul-Ghani et al., 1996; Otis et al.,
ms. The high degree of overlap in time course between1996; Atluri and Regehr, 1998; Bekkers and Clements,
IPSCs and mIPSCs, particularly of their rising phases,1999). Nevertheless, this form of release is generally
indicates that transmitter vesicles are released with aconsidered minor in comparison with the initial volley
high degree of synchrony when synapses are stimulatedof fusion events and has not been assigned a clear
at low rates.physiological role in synaptic communication.
As GABAergic fibers may experience high-frequency
activity in vivo (Lachica et al., 1994; Yang et al., 1999),
IPSCs were evoked with trains of 40±50 shocks at fre-* To whom correspondence should be addressed (e-mail: trussell@
ohsu.edu). quencies ranging from 5 to 200 Hz. At 10 Hz (Figure
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Figure 1. Miniature and Evoked IPSCs Induced by Stimulation at Low or High Frequencies
(A) Averages of 150 IPSCs evoked by 0.2 Hz stimulation (lower trace, black line) and 400 mIPSCs (upper trace) from the same neuron have
identical time course. Thick gray line in lower trace is scaled mIPSC from the upper trace.
(B) Representative superimposed traces showing mIPSCs from the same neuron in (A) in the presence of 1 mM TTX.
(C) Average time course for mIPSCs and single evoked IPSCs from four neurons. Identical 10%±90% rise time and decay time constants for
mIPSCs and evoked IPSCs suggest highly synchronized quantal release.
(Di±Div) Train stimulation at increasing frequency resulted in a plateau current and substantial delayed release. Trains of 50 shocks were
delivered at increasing rates, as indicated; stimulus artifacts were blanked for clarity. At stimulus rates $50 Hz, IPSCs summated and fused,
producing a large plateau current. Note delayed release (asterisk) after termination of the 200 Hz train (arrow).
1Di), IPSCs were clearly distinguishable, with peak am- it was not clear in this analysis whether a given IPSC
was elicited by the stimulus just preceding it, or byplitudes fluctuating widely. When the frequency was
increased moderately (20 or 50 Hz), distinct IPSCs could earlier stimuli; indeed, release continued long after ter-
mination of the train (see below).still be seen throughout the trains, but gradual summa-
tion of IPSCs resulted in a current plateau. At 200 Hz Asynchronous release has been ascribed to residual
Ca21 in nerve terminals (Rahamimoff and Yaari, 1973;(Figure 1Div), the IPSCs completely merged with each
other after the first few shocks, achieving a larger but Goda and Stevens, 1994; Cummings et al., 1996; Atluri
and Regehr, 1998). To test the role of residual Ca21,more stable current plateau and a slower, noisier decay
(Figure 1Div, asterisk) after the termination of stimulation we bath applied 50±100 mM EGTA-AM, a membrane-
permeable Ca21 chelator, to the slices for 3±5 min. Once(see also Jensen et al., 1999; Yang et al., 1999).
To examine the degree of synchronization of vesicle inside the nerve terminals, EGTA markedly accelerates
the decline in Ca21 concentration following each stimu-release during 200 Hz trains of stimuli, we aligned the
IPSCs to the onset of each stimulus. As shown in Figure lus and moderately reduces the peak of the Ca21 tran-
sient (Atluri and Regehr, 1996). EGTA-AM reduced the2Bi, the time to onset of each IPSC became quite vari-
able, with IPSCs occurring at almost any time between plateau level of current to 74% 6 48% of control (n 5
6) but had a more dramatic effect on the timing of releasesuccessive stimulus artifacts (Figure 2A shows the origi-
nal record before alignment of each response). The (Figures 2A and 2B). Alignment of IPSCs revealed that
EGTA-AM largely restored the synchrony of quantal re-broadening of the timing of release in control solutions
was quantified by measuring the variability of the latency lease, indicating that the desynchronization of quantal
release at 200 Hz in control conditions resulted from theto the largest IPSC after each stimulus. Figure 2Ci shows
an example of the distribution of such latencies for the buildup of Ca21 in the presynaptic terminal. In seven
cells treated with EGTA-AM, variability in the onset timefirst 10 stimuli (closed bars) and the last 10 stimuli (open
bars) in one cell, showing wider variability later in the of events remained low for the first 20 stimuli, after which
a small increase in variability was observed (Figure 2Cii),200 Hz train. Figure 2Cii summarizes data for nine con-
trol cells (closed circles), showing that asynchronous probably because of the eventual saturation of the exog-
enous Ca21 buffer.release developed with a short lag of about 5±10 stimuli.
The actual increase in variability was most likely larger; Some of the jitter in the timing of release might oc-
cur from unreliable initiation of action potentials inbesides only measuring the largest IPSC at each interval,
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Figure 2. Desynchronization of Quantal Release and Accumulation of Presynaptic Ca21
(A) Responses from the same neuron to a train of 40 shocks at 200 Hz, before (control) and after (EGTA-AM) bath application of 100 mM
EGTA-AM for 5 min.
(B) Responses to all but the first 5 stimuli are aligned to the onset of each stimulus. In control (Bi), the responses were dominated by
asynchronous quantal release, whereas after EGTA-AM application (Bii), the synchrony of quantal release was largely restored.
(C) Evolution of desynchronization during 200 Hz trains.
(Ci) From one cell, latency to largest events after each stimulus. Data from stimuli indicated were pooled.
(Cii) Asynchrony in quantal release measured by SD of latencies to the largest events after each stimulus. Data were pooled for every 5
consecutive stimuli and all repetitions (3±15) in each cell. The sharp increase of asynchrony appearing after 10 stimuli in control (closed
circles, n 5 9 cells) indicates the onset of desynchronization. Application of EGTA-AM (open circles, n 5 7 cells) effectively suppressed and
delayed desynchronization, suggesting an essential role of presynaptic Ca21 accumulation; p , 0.01 for pairs of data points marked with
asterisk.
(Ciii) Control data are compared with results of simulations with trec 5 20, 40, and 80 ms for traces ªa,º ªb,º and ªc,º respectively.
GABAergic fibers. To determine the contribution from stimulus train. Figure 3A shows that the decay of the
this source of variability, we recorded from neuronal train response was decorated with random synaptic
cell bodies in the superior olivary nucleus, and action events for 100±200 ms and, as a result, was much slower
potentials were initiated in their axons using the same than that of the response induced by a single shock.
method employed to evoke IPSCs. Neurons were identi- The increase in delayed release was quantified as the
fied based on location and their response to current prolongation of the exponential decay time constant
injection, as described in Yang et al. (1999). The stimulus of current after the train, and increased with stimulus
electrode was placed z50 mm from the cell body. In frequency (Figure 3B, closed circles). Notably, the
the five cells studied, antidromic spikes were elicited largest increase in decay time occurred at those fre-
without failure at rates up to 243 Hz and reached the quencies (.50 Hz) associated with the most marked
cell body within 0.6 ms, with a SD of spike latency of increase in asynchronous quantal release during stimu-
under 200 ms. Thus, while the variability in IPSC timing lus trains. Acceleration of Ca21 clearance in the terminal
observed at the beginning of the trains may result from using EGTA-AM (Figure 3A) significantly shortened the
jitter in spike initiation or conduction, the wide variability decay time at 200 Hz (Figure 3B, open circle). Indeed, the
in IPSC timing seen later in the train must be due to decay rate of train response in the presence of EGTA-AM
processes intrinsic to the nerve terminals. was as fast as the IPSCs evoked by a single stimulus
or mIPSCs in control conditions (Figure 1C). These data
indicate that accumulation of intraterminal Ca21 throughEnhancement of Delayed Release
high-frequency stimulation led to a conversion of releaseby High-Frequency Stimulation
from a synchronous to an asynchronous mode of trans-The development of asynchronous release was paral-
leled by an increase in delayed release following the mission extending long after the period of stimulation.
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Figure 3. Increased Delayed Release and Prolonged Current Decay
after High-Frequency Stimulation
(A) Responses to 40 shocks at 200 Hz, before (control) or after
(EGTA-AM) bath application of 100 mM EGTA-AM for 5 min. After
Figure 4. Depression of Synchronous Release during High-Fre-the stimuli had ceased in control, the decay of plateau current to
quency Trainsbaseline showed delayed release and was thus slowed down sub-
stantially. EGTA-AM hastened the decay by removing delayed re- (A) Examples of IPSCs during trains of 50 shocks at 50 Hz and 200
lease. Gray trace is the current decay in EGTA-AM scaled to the Hz. IPSCs to each stimulus were aligned to the onset of artifact.
plateau of the control response. Comparing responses with those of stimuli 1±5, 6±16, and 31±35
(B) Current decay time constant after 50 stimulus train increases reveals little or substantial depression of synchronous IPSCs at 50
with increasing frequency (closed circles, n 5 11). Decay time was Hz and 200 Hz, respectively.
measured as the integral of normalized current in the period follow- (B) Amplitude changes for synchronous IPSCs for different frequen-
ing the last stimulus. Decay time increased sharply with stimulus cies. The responses were corrected for a sloping baseline, and
rates higher than 50 Hz, coinciding with the increase in delayed synchronous IPSC amplitude was measured as the mean current
release. After application of EGTA-AM (open circle, n 5 4), decay within 1 ms after peak. Data are averages from 3±6 trials per cell
time was indistinguishable from that measured at low frequencies for 9±10 cells. Data from different cells were first normalized to the
in control but was significantly briefer than that measured at 200 amplitude of the first response before pooling. Dashed lines through
Hz in control (p , 0.01, Mann-Whitney test). Dashed line shows data points are simulation results.
simulation results.
ted against the stimulus number in the trains of differentDepression and Facilitation of Synchronous Release
frequencies (Figure 4B). At 50 Hz, there was no signifi-In this section, we show that train stimulation was ac-
cant depression in amplitude, despite the rather largecompanied by overlapping facilitation and depression
fluctuation of amplitude. For trains of higher frequency,of synchronous release. Later, we demonstrate how the
the peak amplitude of IPSCs became smaller until aftercoexistence of these processes is essential to the gener-
10±20 stimuli, when a steady-state level was achieved,ation of sustained transmission by asynchronous re-
as illustrated in Figures 4A and 4B. For the average oflease. Again, IPSCs were aligned at their stimulus arti-
10 neurons activated at 200 Hz, the amplitude of thefacts for analysis of the amplitude of synchronous
fiftieth stimulus-induced IPSC was 22% 6 3% of theresponses (Figure 4A). The traces were first adjusted
first stimulus. The fall off in IPSC amplitude suggestsfor a changing baseline as described in the Experimental
that besides simply an enhancement of asynchronousProcedures, and then the average current between 2
and 2.5 ms after onset of the stimulus artifact was plot- release, there is an actual desynchronization of release,
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Figure 5. Suppression of Synchronous Release Masks Facilitation Induced by Train Stimulation
(A and B) Facilitation induced by short (5 shocks, [A]) or long (50 shocks, [B]) trains at 200 Hz revealed by test stimuli applied at different
intervals after termination of trains, as indicated. Shown are averages of at least 5 trials for two different cells. An average of 50 IPSCs induced
at 0.5 Hz was also shown as control. Short train±induced facilitation was seen at all intervals but usually peaked between 0.1 and 0.2 s. After
long trains, no facilitation was seen before 500 ms, but a final level of facilitation was stronger.
(Ci) Summary of time course of facilitation after short (open circles) or long (closed squares) 200 Hz trains. Facilitation 5 (test response/
control response 2 1) * 100%. On average, the IPSCs were facilitated by a maximum of 104% 6 66% after short trains (n 5 3) and 262% 6
145% after long trains (n 5 6).
(Cii) Semilog plot of facilitation recovery time course after long trains. All points, except for the first two, are well fit with a straight line,
indicating a maximum facilitation of 284% and a decay time constant of 5 s.
(Ciii) Semilog plot of depression recovery time course. Data shown are for intervals #1 s. Depression 5 [1 2 test response/control response,
where test response was corrected for the expected level of facilitation at each time point] * 100%. The extrapolation of the linear fit indicates
an initial depression at z91% and a decay time constant of 0.28 s.
such that the ability of the synapse to release vesicles followed by a series of test pulses at increasing intervals.
Facilitation was seen immediately after the short condi-with a short latency is diminished. A decline in the proba-
bility of synchronous release is consistent with the ob- tioning train. In Figure 5Ci (open circles), 5 stimuli pro-
duced over 100% enhancement of the synchronousservation that the coefficient of variation of synchronous
IPSC amplitudes (calculated across responses to stimuli IPSC, which lasted for over 2 s after the conditioning
train. Unlike the responses after 5 shocks, the first IPSC16±50) increased almost 2-fold with frequency, from
0.33 6 0.03 at 20 Hz to 0.59 6 0.09 at 200 Hz (n 5 4 after a train of 50 shocks was slightly reduced from that
of control. However, later the IPSCs were nearly fourcells) (Clements, 1990). It is unlikely that the decline
was due to activation of GABAB autoreceptors, as train times as large as those of control (Figure 5B). Thus, an
increase in synaptic strength could be induced by aresponses in two cells were unaltered by 200 nM of
the selective GABAB antagonist CGP54626A. Later, we brief train, but with longer trains, the onset of enhance-
ment was markedly delayed. As summarized in Figureshow that no significant postsynaptic depression devel-
oped during the trains, which might otherwise have con- 5Ci (closed squares), the maximum facilitation after
trains of 50 shocks was almost twice as great as thattributed to the depression observed here.
To analyze the depression of synchronous release after trains of 5 shocks but required nearly 1 s to manifest
fully. We interpret these data to mean that an initialwithout a background of intense asynchronous release,
we examined the amplitude of a single IPSC elicited at facilitation induced during the trains became masked
by strong depression; facilitation was then revealed asdifferent intervals after completion of a 200 Hz train.
This analysis revealed that, in addition to depression, a the depression abated (Hubbard, 1963; Zucker, 1989).
Analysis of the time course of these effects in Figuresslowly decaying facilitation of release developed early
during train stimulation. Figure 5A illustrates a typical 5Cii and Ciii showed a maximum facilitation of 284%,
decaying with a time constant of 5.0 s, and a maximumexperiment in which a train of 5 shocks at 200 Hz was
Neuron
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Figure 6. A High-Capacity Synapse with Low
Release Probability
Responses to 50 stimulus trains at different
frequencies were integrated to determine to-
tal charge transfer. Data shown are averages
from 10 neurons after being normalized to
the integral at 10 Hz. The charge integral is
slightly higher at around 50 Hz and shows no
decrease up to 200 Hz. Dashed line shows
simulation current results.
(B) Mean±variance analysis suggests low Pr.
Slices were bathed in normal Ringer solution
containing 3 mM Ca21/1 mM Mg21 (open
symbols) or with the addition of 2±10 mM
Cd21 (closed symbols). Symbols of different
shapes are from different neurons, each with
30±80 trials. The variance and mean are lin-
early correlated (r 5 0.78), and the slope, an
estimate of quantal size, is 180 pA. The ab-
sence of a parabolic relation indicates a
Pr ,,0.5.
(C) Estimation of Pr from onset of depression
during 200 Hz stimulation. Quantal contents
were determined by dividing synchronous
IPSC amplitudes with the average amplitude
of asynchronous events during trains in the
same neuron (see [D]). The maximum number
of quanta releasable without replenishment
(N), estimated by linear extrapolation of the
initial rapid decline of quantal content, is 160.
Pr 5 (initial quantal content, a)/N 5 26/160 5
0.16.
(D) Stability of quantal size. Examples of
quantal events are given, including asynchro-
nous IPSCs with latencies between 2.5 and
4.5 ms after stimuli 21±40 (aIPSCs), delayed
release during the decay phase of the train
response (dIPSCs), and mIPSCs recorded in
the presence of TTX. Note the different scales
for mIPSCs. a/dIPSCs shown are corrected
for baseline slope.
(E) Amplitude histograms for mIPSCs (solid line) and aIPSCs (gray bars) show greater skewness in mIPSCs. Dashed line shows the noise
distribution.
(F) Comparison of quantal sizes. Median was used to minimize interference of mIPSCs of extremely large amplitude. No significant difference
was found between any two populations (p . 0.05, Student's t test or Mann-Whitney test).
depression of 91%, recovering with a time constant of relatively stable plateau current was maintained, primar-
0.28 s. Presumably, the decay times reflect several re- ily by asynchronous release. A second measure of the
lated processes, including Ca21 unbinding from Ca21 capacity of the synapses to maintain release was made
sensors, the gradual cessation of delayed release, and by integrating the current induced by trains of 50 shocks
the subsequent replenishment of vesicles. These experi- at different frequencies and comparing their total charge
ments thus distinguished two potential consequences transfer. Any form of accumulating frequency-depen-
of an extended period of elevated intraterminal Ca21: dent pre- or postsynaptic depression should cause a
depletion of exocytosis-ready vesicles with a simultane- reduction in total charge transfer at higher frequencies.
ous increase in likelihood of release of docked vesicles. Figure 6A summarizes the charge transfer at frequencies
ranging from 5 Hz to 200 Hz and shows that at about
50 Hz, there was a transient increase in charge, but byStability of Synaptic Transmission
200 Hz, the synapses generated about the same amountDespite the profound shift from synchronous to asyn-
of charge transfer as at 5 Hz. These measurements ofchronous release as frequency increased, the overall
charge transfer indicate that, assuming the quantal sizelevel of transmission was remarkably stable. The mainte-
is constant (see below), the synapses released roughlynance of current during the train was measured in two
the same number of vesicles per stimulus without regardways. First, we examined the degree of falloff in absolute
to frequency or whether the release was synchronouscurrent level measured from pretrain baseline during a
or asynchronous. Thus, the depression of synchronous200 Hz train. Early in the train, the current reached a
release described above must have been compensatedpeak, usually between the eighth and twelfth stimulus.
by enhanced exocytosis via asynchronous release.After 40 stimuli, the current level had fallen by only
One mechanism by which release might have been12% 6 7% (n 5 21 cells), and by 80 stimuli, by 19% 6
12% (n 5 7 cells). Thus, over a period of up to 400 ms, a maintained without progressive exhaustion of vesicle
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pools or receptor desensitization is that the average A Model for Desynchronization
release probability (Pr) was low. We attempted to deter- To explain how synaptic transmission was sustained
mine the average release probability by analyzing the during the shift from synchronous to asynchronous re-
variance±mean relationship of IPSCs induced at ,0.5 Hz lease over a wide range of frequencies, we explored the
(Silver et al., 1998). By adding different concentrations of behavior of a simple model that combined frequency-
Cd21 (2±10 mM) to the bathing solution, the variance± dependent facilitation and depression. The model (see
mean relationship obtained at Pr was equal to or lower Experimental Procedures, Equations 1±4) incorporated
than that obtained in control condition. This relationship several basic concepts, including the accumulation of
is expected to describe a parabola, as Pr decreases Ca21, the consequent enhancement of the likelihood of
from 1 to 0, with a peak variance at Pr 5 0.5. Figure 6B release of docked vesicles, and a temporary reduction
shows that for data pooled from 3 neurons, the variance in vesicle pool size following exocytosis. In this way, a
and mean were linearly related. We were not able to wide variety of experimental observations were ac-
extend the analysis to a higher Pr, as elevation of Ca21 counted for, as shown as dashed lines in Figures 2±4
raised spike threshold and made stimulation less reli- and 6, and as traces in Figure 7. Moreover, we could
able. However, the linear correlation suggests that these explore the relative roles of specific aspects of synaptic
data points only comprise the lower end of a parabolic function in shaping the response profile under different
curve and indicates that Pr was much less than 0.5. conditions.
A more precise estimate of Pr could be made if the Figures 7A and 7B show simulations of synaptic activ-
primary mechanism for depression is the depletion of
ity during 20 or 200 Hz trains. The upper traces show
available vesicles (Elmqvist and Quastel, 1965; Chris-
weak (at 20 Hz) or strong (at 200 Hz) facilitation of fusiontensen and Martin, 1970). When the stimulus rate is
probability (Pf) caused by the accumulation of residualsignificantly faster than the vesicle replenishment rate
Ca21. The middle traces illustrate the pattern of quantalis, then the onset of depression should be proportional
release (ªNqº) over time. Synchronous release in phaseto the total number of quanta released by all preceding
with each stimulus is the dominant form of releasestimuli. Figure 6C shows an example from one cell, in
throughout the 20 Hz train, while shortly into the 200 Hzwhich the quantal content in the beginning of 200 Hz
train, asynchronous release dominates as synchronoustrains was estimated by dividing the synchronous IPSC
release diminishes. Finally, the lower traces show theamplitude by the quantal size for that same cell (see
simulated postsynaptic current obtained by convolvingbelow). Over the first 10 stimuli, when synchronous re-
the quantal release profile in the middle traces with thelease is still dominant, the IPSC declined monotonically
quantal IPSC. The similarity of the resulting currents towith increasing total quantal output. A linear fit to the
the experimental results (see Figure 7E) suggests thatdecay phase intersects the abscissa at 160, which is an
the facilitation and depletion models, as applied, areestimate of the total number of vesicles available without
sufficient to explain how transmission can be fully sus-replenishment (ªNº). The initial quantal content (ªaº) was
tained despite the desynchronization of release during26, so Pr 5 0.16. Similar analyses in 17 neurons with a
high-frequency stimulation. For example, the simulatedrange of initial quantal content of 6±38, yielded an aver-
data predict well the increase in decay time after theage Pr of 0.13 6 0.10 and a releasable pool size of 143 6
61 quanta. 200 Hz train (arrows) and the average frequency depen-
The maintenance of charge transfer over a wide range dence of the decay (Figure 3B). Moreover, the simula-
of frequencies and the steadiness of the summated cur- tions predicted very well the frequency-dependent de-
rent plateau imply that GABA receptors experience little pression of synchronous release (Figure 4B), as well as
accumulating desensitization or saturation during the the maintenance of total charge transfer over a 40-fold
course of a train. To confirm this prediction, estimates range of stimulus frequencies (Figure 6A).
were made of quantal size drawing from several sources. To test further the compatibility between model and
Assuming that release events occurring at late times experimental data, we increased the rate of clearance
after an individual stimulus corresponded to release of of intraterminal Ca21 so as to mimic the effect of EGTA-
single quanta, the amplitude of asynchronous IPSC AM application. In Figure 7C, t2 was 25 ms, less than
(aIPSC) currents occurring 2.5±4.5 ms after each shock half that used in other simulations, in Figures 7A and
in a 200 Hz train was measured (Figure 6D). Also mea- 7B. The quantal release profile with a 200 Hz train shows
sured were ªdelayedº IPSCs (dIPSCs), riding on the de-
little desynchronization throughout the train, such that
cay phase after stimulation was terminated (Figure 6D).
the train response now consisted primarily of the sum-Finally, these two populations were compared with the
mation of periods of synchronous release with variablemIPSCs recorded in 1±5 mM TTX (Figure 6D). mIPSCs
peak amplitudes (lower trace), similar to experimentaldiffered from aIPSCs and dIPSCs in that the former
data (Figures 2Bii, Cii, and 3A). Moreover, little delayedshowed a skewed distribution also typical of miniature
release was seen after the train, leading to a faster cur-synaptic currents recorded in other preparations (Bek-
rent decay (compare Figures 3A and 3B).kers et al., 1990), while the other events were more
Also necessary to the onset of desynchronization wasnormally distributed (Figure 6E). Because of these differ-
the depression of quantal release due to depletion ofences in distribution shape, we used the median rather
available quanta. Because of depletion, many releasethan the arithmetic mean to compare average values
sites would be vacant at the time of the arrival of a(Rice, 1995). As shown in Figure 6F, no significant differ-
presynaptic spike; since replenishment of sites is sto-ence was found between any two populations, indicat-
chastic and independent of the stimulus timing, anding that little progressive desensitization or saturation
occurred during high-frequency stimulation. since the spontaneous fusion probability was enhanced,
Neuron
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Figure 7. Simulation with Minimal Model of GABAergic Transmission
Simulation of fusion probability (Pf, upper panel), number of quanta released (middle panel), and the current response (lower panel), based
on model described in Equations 1±4. Simulation parameters used are the same as those listed in the Experimental Procedures, except for
(C) through (E).
(A) Response to a train of 50 shocks at 20 Hz. Weak facilitation of Pf and little IPSC summation occurred, as with the experimental data (Figure
1Dii); synchronous release is the dominant form of transmission. Decay time of train response (as indicated) is the same as that of single
responses.
(B) Response to a train of 50 shocks at 200 Hz. A maximum of z300% facilitation of Pf occurred due to presynaptic Ca21 buildup, together
with a large increase in baseline Pf. When vesicle depletion and recovery are incorporated, the profile of quantal release shows a shift from
synchronous release to asynchronous release. Simulated current response resembles experimental data, including the prolonged decay time
(arrows).
(C) Response to a train of 50 shocks at 200 Hz, but with the second component for presynaptic Ca21 clearance (t2) shortened to 25 ms (from
standard value of 62 ms), emulating application of EGTA-AM. Facilitation of Pf was weaker, probably due to reduced Ca21 buildup. Synchronous
release dominates transmission throughout the train, and decay time remains as that for single response.
(D) Response to a train of 50 shocks at 200 Hz, but with faster (trec 5 20 ms) or slower (trec 5 80 ms) vesicle replenishment (changed from
standard value of 40 ms). The summated response with shorter trec is much larger but achieved plateau more slowly, while the trace with a
slower trec sagged shortly into the train.
(E) Comparison of an experimental response and a simulated response, both to a train of 50 shocks at 200 Hz. The parameters changed in
this simulation are N 5 88, trec 5 46 ms, t2 5 64 ms, b 5 0.093, and Pcontrol 5 0.1.
vesicle fusion became a vigorous and randomized pro- was compared with simulations with altered vesicle re-
plenishment rate. A SD of 0.25 ms in presynaptic actioncess. Unable to control the replenishment process ex-
perimentally, we used simulation to determine the im- potential timing was added to the model to reproduce
the initial variability seen with ,10 stimuli. The simula-portance of the replenishment rate in shaping the
synaptic response. Figure 7D shows the simulation re- tions show that a trec of 40 ms accurately describes the
onset of desynchronization (Figure 2Ciii, curve ªbº) andsults with trec reduced to 20 ms or increased to 80 ms.
Using a longer trec, a pronounced sag in current was that a shorter (curve ªcº) or longer (curve ªaº) trec would
be inappropriate. Matching the simulations to tracesevident, while with a shorter trec, the current summated
more slowly and to a higher plateau level than in control from individual cells rather than to averaged data re-
quired fine-tuning the parameters, but only over a veryconditions. Although, ultimately, more asynchronous re-
lease occurred with the faster trec, the model predicted narrow range, as shown in Figure 7E. The robust perfor-
mance of this simple model supports the interpretationthat synchronous release would nevertheless continue
longer into the train. The influence of recovery rate on that sustained asynchonous transmission and the pre-
cise shape of the onset and offset of summated currentdesynchronization was further quantified in Figure 2Ciii.
Here, the SD of actual response latencies (closed circles) are critically determined by the time course of both
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recovery of quantal availability and residual Ca21 accu- and Katz, 1954; Eliot et al., 1994; Cummings et al., 1996).
mulation. In nMag, synchronous release was virtually replaced by
asynchronous release, despite a nearly constant total
Discussion quantal output over a wide range of stimulus rates. Eliot
et al. (1994) and Cummings et al. (1996) suggested that
The Nerve Terminal as an Integrator since the frequency of spontaneous events increases
of Presynaptic Activity during trains, the decline in synchronous release cannot
Repetitive activation of GABAergic fibers in nMag and result from the depletion of vesicles. However, the pres-
nucleus laminaris induces a smooth subthreshold depo- ent analysis shows that vesicle depletion, when bal-
larizing potential that reduces the strength of excitatory anced by an enhanced fusion probability of vesicles,
transmission by glutamatergic inputs (Hyson et al., 1995; can entirely account for these seemingly contradictory
Yang et al., 1999). It remains unclear, however, whether findings. While asynchronous release is typically pic-
or not the smoothness of the responses could be ex- tured as an outcome of Ca21 accumulation (Rahamimoff
plained simply as the summation of slow IPSPs. Previ- and Yaari, 1973; Goda and Stevens, 1994; Atluri and
ous studies have emphasized the synaptic ªnoiseº pro- Regehr, 1998), the time constant for recovery of the
duced by asychronous firing of inhibitory inputs, which depleted vesicle pool is also a key component, de-
may generate a stable shunting inhibition (Korn and termining both the amplitude of the current plateau
Faber, 1990; Hausser and Clark, 1997). We propose that maintained by asynchronous release and the evolution
desynchronizing the release process itself, uncoupling of desynchronization over time.
it from the timing of presynaptic action potential firing, Prolonged recovery (trec) distorted the current profile
spreads quantal events over time and helps smooth (Figure 7D) and causes early onset of desynchronization
the response. The terminal acts to translate presynaptic (Figure 2Ciii, curve ªaº). By contrast, very rapid recovery
spike rate into the magnitude of a stable postsynaptic slows the onset of both the current plateau and desyn-
conductance by taking advantage of the gradual rise chronization (Figures 7D and 2Ciii ªcº). Apparently, this
and fall of intraterminal Ca21 levels and of asynchronous parameter was well tuned in nMag to give rapid onset
release. Because these processes are slower than the of a stable inhibitory plateau. The value of trec used in
quantal postsynaptic current is, the synapse can effec- our simulations, although relatively short, falls within a
tively integrate presynaptic activity and thus be less wide range of reported values (Trussell et al., 1993; Liu
sensitive to variation in the timing of presynaptic action and Tsien, 1995; Stevens and Wang, 1995; Rosenmund
potentials. These adaptations are well suited to mediat- and Stevens, 1996; Wang and Kaczmarek, 1998; Belling-
ing inhibition from the avian superior olive, which fires ham and Walmsley, 1999; Wu and Borst, 1999). Recov-
at high rates but may not respond in a phase-locked ery is apparently faster during a series of stimuli (Kusano
manner to acoustic stimuli in vivo (Yang et al., 1999). and Landau, 1975; Worden et al., 1997; Hill and Jin,
They are also relevant to transmission in mammalian 1998), possibly because of Ca21-related acceleration of
cochlear nuclei, in which computational models empha- vesicle replenishment (Dittman and Regehr, 1998; Ste-
size the need for steady inhibitory tone to regulate the vens and Wesseling, 1998; von Gersdorff et al., 1998;
temporal characteristics and operating range of bushy Wang and Kaczmarek, 1998). Although we cast depres-
cells in response to auditory nerve activity (Rothman et sion as a temporary depletion of predocked vesicles
al., 1993). Finally, the delayed release after termination (Liley and North, 1953; Elmqvist and Quastel, 1965;
of stimulation may underlie the 20±60 ms inhibited state Thies, 1965), our emphasis on the importance of the
observed in inferior colliculus following a period of ipsi- recovery time would also hold for other models for re-
lateral acoustic stimulation (Klug et al., 1999). lease-dependent refractoriness of release sites (Stevens
and Wang, 1995; Hjelmstad et al., 1997; Wu and Borst,
Mechanisms of Desynchronization
1999). Depression per se appears to coordinate avail-
Depression of synchronous release was paralleled by
ability of vesicle resources between synchronous and
a surge in asynchronous release, a transition that
asynchronous modes of release.emerged at high firing frequencies and was likely a result
of Ca21 buildup within the terminals. Facilitation of ran-
Release Probability and Sustained Transmissiondom release events between stimuli was strong, relative
Intense synaptic activity did not reduce the capacity forto facilitation of synchronous release, because of the
stable transmission, as the quantal output (measuredcooperative nature of Ca21 action (Dodge and Rahami-
by integration of synaptic current throughout trains) re-moff, 1967; Barrett and Stevens, 1972b; Cohen and Van
mained nearly constant over a 40-fold range of stimulusder Kloot, 1986; Stanley, 1986). This view of the process
rates. Increase in frequency always elevated the plateaumakes no distinctions between Ca21 sensors driving
current, especially after fusion of responses, indicatingsynchronous or asynchronous release (Thomas et al.,
that, on average, receptors and/or vesicle release ca-1990; Atluri and Regehr, 1998; Voets et al., 1999; but
pacity must not be saturated. Moreover, the summatedsee Yamada and Zucker, 1992; Goda and Stevens, 1994;
absolute current level decayed only slightly during aRavin et al., 1997). More detailed models based on addi-
long series of short interval stimuli. The ability to sustaintional measurements of Ca21 affinities and extrusion
transmission without cumulative desensitization of re-rates are needed to account for the long decay of facilita-
ceptors implies that individual synaptic sites must nottion after high-frequency trains.
release on every stimulus. Our estimate of Pr, 0.13,The apparent coupling between depression in syn-
and a releasable vesicle pool size of about 150 implychronous release and facilitation of asynchronous re-
lease has been seen at diverse synapses (del Castillo that these synapses maintain large inhibitory currents
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stored on computer hard drive and/or stored on tape through athrough summation of occasional releases from a large
digital data recorder (Cygnus Technology). Offline analyses werepopulation of synapses. The physical correlate of the
performed with pClamp 6, Axograph 3.5 (Axon), or Excel 97 (Mi-value for pool size is not certain, but we suggest it could
crosoft).
correspond to the total number of activatable release MIPSCs were detected with the template-fitting method (Clem-
sites distributed across all of the stimulated GABAergic ents and Bekkers, 1997). Asynchronous IPSCs were detected with
a derivative threshold-crossing algorithm, as the interevent intervalboutons; preliminary modeling suggests that if this num-
was too short to reliably use template fitting. Latency was measuredber of releasable vesicles were distributed over a smaller
from the onset of the stimulus artifact to the onset (5% of peak) ofnumber of release sites, and depression were only a
the IPSC. During high-frequency stimulation, quantal events over-consequence of reduced vesicle numbers at each site,
lapped, so their decays were obscured. To measure amplitudes
then the onset of depression would be significantly accurately, a linear fit of the decay of the preceding IPSC was first
slower than observed in Figure 4B (T. L. and L. T., unpub- subtracted from each event (Barrett and Stevens, 1972a; Korn and
lished data). Although the total number of synapses has Faber, 1990).
Significance was determined with Student's t test, unless other-not been directly measured, GABA- or GAD-staining
wise indicated, using Excel 97 and KyPlot V1.0 (Koichi Yoshioka).boutons with multiple symmetric release sites cover the
All data shown in the text and figure legends are mean 6 SD, andsurface of nMag neurons (Parks, 1981; Code et al., 1989).
for figures, mean 6 SEM, unless otherwise specified.
Estimates can thus be made of the average number of
vesicles released per site during a train. Given Pr 5 0.13, Simulations
50 stimuli should result in the release of 6.5 vesicles per Computer simulation of train responses based on binomial quantal
synapse. Alternatively, we estimate that only 3±5 quanta release and short-term presynaptic plasticity was implemented in
Mathcad 8 (Mathsoft). Quantal release probability was modeled aswould be released per synaptic site, based on the total
the product of vesicle fusion probability (Pf) and the availability ofcharge transferred during trains of 50 shocks at 5±200
exocytosis-ready quanta. During high-frequency stimulation, thereHz, the charge per quantal IPSC, and 150 release sites.
are at least two overlapping processes developing throughout theThus, it is probable that each site released rarely, and
trainsÐthe facilitation of Pf as the intraterminal residual Ca21 accu-
thus postsynaptic receptors were exposed to GABA in- mulates and the decline in quantal availability. Synchronous and
frequently. Although desensitization might occur during asynchronous release were treated as originating from a common
vesicle pool, with their release probabilities over brief time intervalseach synaptic response, our analysis indicates that de-
having the same Ca21 dependency. After each presynaptic actionsensitization must recover quickly enough so as not
potential, intraterminal [Ca21] rose instantaneously and decayedto contribute significantly to depression. Clearance of
with two exponential time constants,GABA by transporters may play an important role in this
process, especially at the elevated temperature used in [Ca] 5 a ´ ((1 2 b) ´ e
2t
t1 1 b ´ e
2t
t2 ), (1)
this study.
with t1 5 0.1 ms, t2 5 62 ms, and b 5 0.1. The intraterminal [Ca21]
throughout the train was computed by linearly summating the contri-Experimental Procedures
bution from each impulse. It is not an absolute concentration, but
a dimensionless variable calibrated by the release probability deter-Electrophysiology
mined for a single evoked response, Pr 5 0.13 (see below).Brainstem slices (250 mm thick) were made from embryonic day
A modified Dodge-Rahamimoff relationship between Pf and Ca2117±19 chick embryos (Zhang and Trussell, 1994). Oxygenated bath
was adopted (Cohen and Van der Kloot, 1986; Bain and Quastel,solution used for slice preparation and recording contained (in mM):
1992; Canepari and Cherubini, 1998),NaCl, 140; KCl, 5; CaCl2, 3; MgCl2, 1; HEPES, 10; and glucose, 20
(pH 7.4). Slices were continuously perfused at a rate of 2±4 ml/min
Pf 5
Pmax
1 1 [Ca]24
1 Pbasal ´ Dt, (2)and at 358C 6 18C. Bath recording solution contained 100 mM AP-5,
20 mM DNQX, 2 mM strychnine, and 20 mM GYKI 52466 (RBI, Tocris
Cookson). TTX (1±5 mM) (Alomone Labs) was added when recording where Pmax is the maximum fusion probability, and Pbasal is the basal
mIPSCs. Recording pipette solution contained (in mM): CsCl, 100; quantal release rate, estimated from the average mIPSC frequency.
TEA.Cl, 10; MgCl2, 1; MgATP, 4; Na2GTP, 0.4; Na2phosphocreatine, The simulation interval Dt was 0.2 ms. Pbasal was 0.1 s21, while the
14; QX-314, 10; HEPES, 10; and Cs4BAPTA, 5 (pH 7.3) (300 mOsm). Pf for single evoked responses was 0.13 (Figure 6C). With Pmax 5
For recordings from superior olive, pipettes contained a potassium 0.6, about 300% maximum facilitation was achieved (Figure 5C).
phosphate-based solution (Sodickson and Bean, 1998). Shortly be- From Equations 1 and 2, a 5 [(0.6/0.13) 2 1]21/4 5 0.72.
fore experiments, EGTA-AM (Molecular Probes) was dissolved in To relate vesicle fusion probability to release profile, we consid-
dimethyl sulfoxide (DMSO), then diluted to 50±100 mM in bath solu- ered the dynamics of quantal availability during train stimulation,
tion. Control and experimental bath solution both contained DMSO according to a depletion model that could be described recursively
(0.1%±0.2%). as
Whole-cell patch recordings were made with an Axopatch 200A
(Axon Instruments) from visually identified nMag neurons (Zhang Ni 5 N 2 [N 2 (1 2 Pf(i21)) ´ Ni21] ´ e
2Dt
trec (i 5 1, 2, 3...), (3)
and Trussell, 1994). The pipettes had series resistances of 3±8 MV
where Ni and Ni21 represent the number of quanta ready for exo-before compensation by 80%±90%. Synaptic responses were elic-
cytosis at two consecutive simulation points, while N (5150) is theited by extracellular stimulation with a concentric glass electrode
total number of available quanta at rest. Pf(i21) is the fusion probability(inner barrel tip diameter, z6 mm) positioned z40 mm from the cell
over the previous simulation interval and the time constant of recov-body. IPSCs could be induced with a threshold stimulus intensity
ery of quantal availability, trec 5 40 ms. Similar descriptions of theof 0.5 to 2 mA (duration, 100±300 ms). IPSC amplitude increased
depletion model have been used previously (Abbott et al., 1997;with stimulus intensity through fiber recruitment. A maximal stimulus
Tsodyks and Markram, 1997; Dittman and Regehr, 1998); however,strength (two to three times threshold) and 300 ms duration provided
here we explore quantal availability at all times throughout the trainsreliable stimulation during trains, as demonstrated by measure-
rather than only at each stimulus. Having established the dynamicsments of antidromic conduction to presynaptic cell bodies (see
for quantal availability throughout trains, the number of quanta re-Results).
leased at any simulation point was generated randomly from a bino-
mial distribution with number of trials 5 Ni and success probabil-Data Analysis
ity 5 Pf(i). Finally, we assumed that all quantal releases resulted inAll data were acquired with pClamp 6 (Axon). After filtering at 5±10
kHz, the stimulus waveform and current signal were digitized and a typical quantal IPSC with a typical single exponential decay,
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I 5 IQ ´ e
2t
tQ, (4) Cummings, D.D., Wilcox, K.S., and Dichter, M.A. (1996). Calcium-
dependent paired-pulse facilitation of miniature EPSC frequency
where quantal IPSC amplitude IQ 5 140 pA, and the decay time accompanies depression of EPSCs at hippocampal synapses in
constant tQ 5 25 ms. For simplicity, the rise time was neglected. culture. J. Neurosci. 16, 5312±5323.
Convolution of quantal IPSC with the quantal release profile yielded del Castillo, J., and Katz, B. (1954). Statistical factors invovled in
the current response. Key parameters (b, t2, trec) in this simulation neuromuscular facilitation and depression. J. Physiol. 124, 574±585.
were optimized to reproduce experimental data, with the results
Dittman, J.S., and Regehr, W.G. (1998). Calcium dependence and
judged by eye.
recovery kinetics of presynaptic depression at the climbing fiber to
Purkinje cell synapse. J. Neurosci. 18, 6147±6162.
Acknowledgments Dodge, F.A., Jr., and Rahamimoff, R. (1967). Co-operative action of
calcium ions in transmitter release at the neuromuscular junction.
We thank Stephan Brenowitz and Rostislav Turecek for valuable J. Physiol. 193, 419±432.
discussions, and Henrique von Gersdorff, Craig Jahr, and Matt
Eliot, L.S., Kandel, E.R., and Hawkins, R.D. (1994). Modulation ofJones for comments on the manuscript. This work was supported
spontaneous transmitter release during depression and posttetanicby National Institutes of Health grant DC02004.
potentiation of Aplysia sensory-motor neuron synapses isolated in
culture. J. Neurosci. 14, 3280±3292.
Received December 3, 1999; revised March 29, 2000. Elmqvist, D., and Quastel, D.M. (1965). A quantitative study of end-
plate potentials in isolated human muscle. J. Physiol. 178, 505±529.
References Fujita, I., and Konishi, M. (1991). The role of GABAergic inhibition
in processing of interaural time difference in the owl's auditory sys-
Abbott, L.F., Varela, J.A., Sen, K., and Nelson, S.B. (1997). Synaptic tem. J. Neurosci. 11, 722±739.
depression and cortical gain control. Science 275, 220±224. Funabiki, K., Koyano, K., and Ohmori, H. (1998). The role of GABAergic
Abdul-Ghani, M.A., Valiante, T.A., and Pennefather, P.S. (1996). Sr21 inputs for coincidence detection in the neurones of nucleus laminaris
and quantal events at excitatory synapses between mouse hippo- of the chick. J. Physiol. 508, 851±869.
campal neurons in culture. J. Physiol. (Lond) 495, 113±125. Geppert, M., Goda, Y., Hammer, R.E., Li, C., Rosahl, T.W., Stevens,
Atluri, P.P., and Regehr, W.G. (1996). Determinants of the time C.F., and SuÈ dhof, T.C. (1994). Synaptotagmin I: a major Ca21 sensor
course of facilitation at the granule cell to Purkinje cell synapse. J. for transmitter release at a central synapse. Cell 79, 717±727.
Neurosci. 16, 5661±5671. Goda, Y., and Stevens, C.F. (1994). Two components of transmitter
Atluri, P.P., and Regehr, W.G. (1998). Delayed release of neurotrans- release at a central synapse. Proc. Natl. Acad. Sci. USA 91, 12942±
mitter from cerebellar granule cells. J. Neurosci. 18, 8214±8227. 12946.
Bain, A.I., and Quastel, D.M. (1992). Quantal transmitter release Hausser, M., and Clark, B.A. (1997). Tonic synaptic inhibition modu-
mediated by strontium at the mouse motor nerve terminal. J. Physiol. lates neuronal output pattern and spatiotemporal synaptic integra-
450, 63±87. tion. Neuron 19, 665±678.
Barrett, E.F., and Stevens, C.F. (1972a). Quantal independence and Hill, A.A., and Jin, P. (1998). Regulation of synaptic depression rates
uniformity of presynaptic release kinetics at the frog neuromuscular in the cricket cercal sensory system. J. Neurophysiol. 79, 1277±1285.
junction. J. Physiol. 227, 665±689. Hjelmstad, G.O., Nicoll, R.A., and Malenka, R.C. (1997). Synaptic
Barrett, E.F., and Stevens, C.F. (1972b). The kinetics of transmitter refractory period provides a measure of probability of release in the
release at the frog neuromuscular junction. J. Physiol. 227, 691±708. hippocampus. Neuron 19, 1309±1318.
Bekkers, J.M., and Clements, J.D. (1999). Quantal amplitude and Hubbard, J.I. (1963). Repetitive stimulation at the mammalian neuro-
quantal variance of strontium-induced asynchronous EPSCs in rat muscular junction and the mobilization of transmitter. J. Physiol.
dentate granule neurons. J. Physiol. 516, 227±248. 169, 641±662.
Bekkers, J.M., Richerson, G.B., and Stevens, C.F. (1990). Origin Hyson, R.L., Reyes, A.D., and Rubel, E.W. (1995). A depolarizing
of variability in quantal size in cultured hippocampal neurons and inhibitory response to GABA in brainstem auditory neurons of the
hippocampal slices. Proc. Natl. Acad. Sci. USA 87, 5359±5362. chick. Brain Res. 677, 117±126.
Bellingham, M.C., and Walmsley, B. (1999). A novel presynaptic Jensen, K., Jensen, M.S., and Lambert, J.D. (1999). Post-tetanic
inhibitory mechanism underlies paired pulse depression at a fast potentiation of GABAergic IPSCs in cultured rat hippocampal neu-
central synapse. Neuron 23, 159±170. rones. J. Physiol. 519, 71±84.
Borst, J.G., and Sakmann, B. (1996). Calcium influx and transmitter Katz, B., and Miledi, R. (1965). The effect of temperature on the
synaptic delay at the neuromuscular junction. J. Physiol. 181,release in a fast CNS synapse. Nature 383, 431±434.
656±670.Canepari, M., and Cherubini, E. (1998). Dynamics of excitatory trans-
Klug, A., Bauer, E.E., and Pollak, G.D. (1999). Multiple componentsmitter release: analysis of synaptic responses in CA3 hippocampal
of ipsilaterally evoked inhibition in the inferior colliculus. J. Neuro-neurons after repetitive stimulation of afferent fibers. J. Neurophys-
physiol. 82, 593±610.iol. 79, 1977±1988.
Korn, H., and Faber, D.S. (1990). Transmission at a central inhibitoryChristensen, B.N., and Martin, A.R. (1970). Estimates of probability
synapse. IV. Quantal structure of synaptic noise. J. Neurophysiol.of transmitter release at the mammalian neuromuscular junction. J.
63, 198±222.Physiol. 210, 933±945.
Kusano, K., and Landau, E.M. (1975). Depression and recovery ofClements, J.D. (1990). A statistical test for demonstrating a presyn-
transmission at the squid giant synapse. J. Physiol. 245, 13±22.aptic site of action for a modulator of synaptic amplitude. J. Neu-
rosci. Methods 31, 75±88. Lachica, E.A., Rubsamen, R., and Rubel, E.W. (1994). GABAergic
terminals in nucleus magnocellularis and laminaris originate fromClements, J.D., and Bekkers, J.M. (1997). Detection of spontaneous
the superior olivary nucleus. J. Comp. Neurol. 348, 403±418.synaptic events with an optimally scaled template. Biophys. J. 73,
220±229. Liley, A.W., and North, K.A.K. (1953). An electrical investigation of
effects of repetitive stimulation on mammalian neuromuscular junc-Code, R.A., Burd, G.D., and Rubel, E.W. (1989). Development of
tion. J. Neurophysiol. 16, 505±527.GABA immunoreactivity in brainstem auditory nuclei of the chick:
ontogeny of gradients in terminal staining. J. Comp. Neurol. 284, Liu, G., and Tsien, R.W. (1995). Properties of synaptic transmission
504±518. at single hippocampal synaptic boutons. Nature 375, 404±408.
Cohen, I.S., and Van der Kloot, W. (1986). Facilitation and delayed Otis, T., Zhang, S., and Trussell, L.O. (1996). Direct measurement of
release at single frog neuromuscular junctions. J. Neurosci. 6, 2366± AMPA receptor desensitization induced by glutamatergic synaptic
transmission. J. Neurosci. 16, 7496±7504.2370.
Neuron
694
Parks, T.N. (1981). Morphology of axosomatic endings in an avian Zhang, S., and Trussell, L.O. (1994). A characterization of excitatory
cochlear nucleus: nucleus magnocellularis of the chicken. J. Comp. postsynaptic potentials in the avian nucleus magnocellularis. J. Neu-
Neurol. 203, 425±440. rophysiol. 72, 705±718.
Rahamimoff, R., and Yaari, Y. (1973). Delayed release of transmitter Zucker, R.S. (1989). Short-term synaptic plasticity. Annu. Rev. Neu-
at the frog neuromuscular junction. J. Physiol. 228, 241±257. rosci. 12, 13±31.
Ravin, R., Spira, M.E., Parnas, H., and Parnas, I. (1997). Simultaneous
measurement of intracellular Ca21 and asynchronous transmitter
release from the same crayfish bouton. J. Physiol. 501, 251±262.
Rice, J.A. (1995). Mathematical Statistics and Data Analysis, Second
Edition (Belmont, CA: Duxbury Press).
Rosenmund, C., and Stevens, C.F. (1996). Definition of the readily
releasable pool of vesicles at hippocampal synapses. Neuron 16,
1197±1207.
Rothman, J.S., Young, E.D., and Manis, P.B. (1993). Convergence
of auditory nerve fibers onto bushy cells in the ventral cochlear
nucleus: implications of a computational model. J. Neurophysiol.
70, 2562±2583.
Sabatini, B.L., and Regehr, W.G. (1996). Timing of neurotransmission
at fast synapses in the mammalian brain. Nature 384, 170±172.
Sabatini, B.L., and Regehr, W.G. (1999). Timing of synaptic transmis-
sion. Annu. Rev. Physiol. 61, 521±542.
Silver, R.A., Momiyama, A., and Cull-Candy, S.G. (1998). Locus of
frequency-dependent depression identified with multiple-probabil-
ity fluctuation analysis at rat climbing fibre±Purkinje cell synapses.
J. Physiol. 510, 881±902.
Sodickson, D.L., and Bean, B.P. (1998). Neurotransmitter activation
of inwardly rectifying potassium current in dissociated hippocampal
CA3 neurons: interactions among multiple receptors. J. Neurosci.
18, 8153±8162.
Stanley, E.F. (1986). Decline in calcium cooperativity as the basis
of facilitation at the squid giant synapse. J. Neurosci. 6, 782±789.
Stevens, C.F., and Wang, Y. (1995). Facilitation and depression at
single central synapses. Neuron 14, 795±802.
Stevens, C.F., and Wesseling, J.F. (1998). Activity-dependent modu-
lation of the rate at which synaptic vesicles become available to
undergo exocytosis. Neuron 21, 415±424.
Thies, R. (1965). Neuromuscular depression and the apparent deple-
tion of transmitter in mammalian muscle. J. Neurophysiol. 28,
427±442.
Thomas, P., Surprenant, A., and Almers, W. (1990). Cytosolic Ca21,
exocytosis, and endocytosis in single melanotrophs of the rat pitu-
itary. Neuron 5, 723±733.
Trussell, L.O., Zhang, S., and Raman, I.M. (1993). Desensitization of
AMPA receptors upon multiquantal neurotransmitter release. Neu-
ron 10, 1185±1196.
Tsodyks, M.V., and Markram, H. (1997). The neural code between
neocortical pyramidal neurons depends on neurotransmitter release
probability. Proc. Natl. Acad. Sci. USA 94, 719±723.
Voets, T., Neher, E., and Moser, T. (1999). Mechanisms underlying
phasic and sustained secretion in chromaffin cells from mouse adre-
nal slices. Neuron 23, 607±615.
von Gersdorff, H., Sakaba, T., Berglund, K., and Tachibana, M.
(1998). Submillisecond kinetics of glutamate release from a sensory
synapse. Neuron 21, 1177±1188.
Wang, L.Y., and Kaczmarek, L.K. (1998). High-frequency firing helps
replenish the readily releasable pool of synaptic vesicles. Nature
394, 384±388.
Worden, M.K., Bykhovskaia, M., and Hackett, J.T. (1997). Facilitation
at the lobster neuromuscular junction: a stimulus-dependent mobili-
zation model. J. Neurophysiol. 78, 417±428.
Wu, L.G., and Borst, J.G. (1999). The reduced release probability of
releasable vesicles during recovery from short-term synaptic de-
pression. Neuron 23, 821±832.
Yamada, W.M., and Zucker, R.S. (1992). Time course of transmitter
release calculated from simulations of a calcium diffusion model.
Biophys. J. 61, 671±682.
Yang, L., Monsivais, P., and Rubel, E.W. (1999). The superior olivary
nucleus and its influence on nucleus laminaris: a source of inhibitory
feedback for coincidence detection in the avian auditory brainstem.
J. Neurosci. 19, 2313±2325.
